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We have for the first time experimentally investigated the 
weak localisation magnetoresistance in a AlGaAs/GaAs p- 
type quantum well. The peculiarity of such systems is that 
spin-orbit interaction is strong. On the theoretical side it 
is not possible to treat the spin-orbit interaction as a per- 
turbation. This is in contrast to all prior investigations of 
weak localisation. In this letter we compare the experimental 
results with a newly developed diffusion theory, which explic- 
itly describes the weak localisation regime when the spin-orbit 
coupling is strong. The spin relaxation rates calculated from 
the fitting parameters was found to agree with theoretical ex- 
pectations. Furthermore the fitting parameters indicate an 
enhanced phase breaking rate compared to theoretical pre- 
dictions. 

PACS numbers: 73.61.Ey, 73.20.Fz 



The effect of localisation in weakly disordered systems 
can be understood in terms of the quantum interference 
between two waves propagating by multiple scattering 
along the same path but in opposite directions. When 
a magnetic field is applied the phase pick up along the 
two paths have opposite sign, and as a consequence, a 
negative magnetoresistance is observed . This effect is 
normally known as weak localisation. 

Due to the properties of the spin part of the wave- 
function, spin-orbit interaction has been shown to have a 
dramatic influence on the weak localisation. In systems 
with strong spin-orbit interaction the magnetoresistance 
reverse the sign. This is in contrast to the above known 
as weak antilocalisation. 

Traditionally, weak antilocalisation has been studied 
intensely in metallic films where spin-orbit inter- 

action occurs at the individual scattering centers. More 
recently weak antilocalisation has been observed in true 
two dimensional systems which lack inversion symmetry, 
like n-type GaAlAs/GaAs or Te quantum wells. The lack 
of inversion symmetry gives rise to a new spin relaxation 
mechanism. This has surprisingly led to a completely 
new physical insight (see also references in |^). 

However most of all previous works referred to n-type 
quantum wells. In the case of a p-type quantum well, an 
even more dominating positive magnetoresistance would 
be expected due to strong spin-orbit interaction in the 
GaAs valence band 

In recent theoretical works devoted to weak locali- 
sation in p-quantum wells |10[ it was shown how the 



sign of the magnetoresistance depends on the hole con- 
centration. Moreover anisotropy of the spin relaxation 
was predicted, which in turn leads to dependence of the 
phase relaxation rate on the spin orientation. Experi- 
mental investigations of anomalous magnetoresistance in 
p-quantum wells so far did not exist. In this work, for 
the first time, the magnetoresistance is studied exper- 
imentally in p-quantum wells and peculiarities of weak 
localisation are discussed in the case where spin and mo- 
mentum relaxation rates are comparable. 

The heterostructures used in the experiment were 
grown on a [100] oriented GaAs wafer by Molecular Beam 
Epitaxy (MBE) technique. A symmetrical quantum well 
was formed as a 70A wide GaAs channel in a modu- 
lation doped Gao.5Alo.5As matrix. The GaAlAs was 
homogeneously doped with Be (ubo = 2 • lO^^cm"^) 
in two 50A thick layers separated by 250A of intrin- 
sic Gao.5Alo.5As from the centre of the GaAs channel. 
The individual samples were mesa-etched into rectangu- 
lar Hall bars with a width of 0.2mm and a total length of 
4.2mm. Three voltage contacts on each side were placed 
in a distance of each 0.8mm to avoid perturbing signifi- 
cantly the four point measurements. Ohmic contacts to 
the 2-dimensional hole gas were made by a Au/Zn/Au 
composite film annealed at 460°C in 3 minutes. The 
contacts areas were 0.6 x 0.6mm^ squares, and bonded 
to the legs of a nonmagnetic chip carrier. Four point 
measurements of the resistivity were carried out using 
standard low frequency lock-in technique (EG&G 5210). 
The samples were biased by an AC current signal with 
an amplitude of 200nA. The experiments were performed 
at temperatures between 0.3 and l.OK in an Oxford He- 
liox cryostat equipped with a copper electromagnet. The 
characterisation of the samples with respect to density 
and mobility were done by Hall measurement at magnetic 
fields between -0.3T and 0.3T, while the weak localisa- 
tion magnetoresistance measurements were performed at 
fields between -lOOGs and lOOGs. To generate the sta- 
ble current for the magnetic fields we used a Keithley 
2400. The samples were found to have a hole density of 
p = 4.4 • lO^^m"^, which is low enough to ensure that 
only one subband is filled. The mobility was found to be 

= 3.5T-1. 
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FIG. 



Magnetic field, Gauss 

1. Magnetoconductivity Sa{B) of a GaAs/GaAlAs 



p-type quantum well three different temperatures (from above 
T = 820 mK, T = 560 mK and T = 360 mK). The best the- 
oretical fit (dotted line) is shown for T — 360 mK. 

It is well known that the weak localization effect on 
the magnetoconductivity manifests itself more brightly 
when kpl ^ 1, corresponding to a metallic conductivity 
in the system. Here fcp is the Fermi wave vector and / is 
the mean free path. For our samples this product may 
be estimated with the help of the two-dimensional Drude 
conductivity, ajj 
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In the studied samples ctd — 2.47 • 10~ VL^ which gives 
kpl « 63. The value oi kp may be determined from 
the hole concentration: kp — \/27rp and is equal to 1.7 • 
10^ m^^. This leads to a mean free path I = 0.37 ^m 
for our samples. The magnetic length is equal to ? in a 
field Btr = hl2eP « 24 Gs. For B < Btr the diffusion 
theory may be applied for description of weak localization 
effects. 

According to recent theoretical works |jl^ , the key pa- 
rameter in a p-quantum well of width a is fcpa/Tr. This 



product is a measure of heavy-hole/light-hole mixing de- 
gree at the Fermi level which determines the behavior of 
the anomalous magnetoresistance. For instance, if the 
carrier concentration is small [kpa/n <C 1) the magne- 
toresistance does not change its sign and is exclusively 
negative. On the other hand if k-pa/n > 1, the mag- 
netoresistance is also sign-constant, but positive. This 
positive magnetoresistance was observed in recent ex- 
perimentally reports Moreover the resistance may 
change its sign as a function of magnetic field at the in- 
termediate values of this parameter. Since in the studied 
system k-pa/ir ~ 0.37 this intermediate regime is in fact 
realised in our experiments. 

Under these conditions the weak localisation correc- 
tion to the conductivity of our p-ty pe quantum wells in 
magnetic fields B < Btr is given as |10[ 
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where / is given by: f{x) = ln{x) + '0(1/2 + 1/x), here 
tpix) is a Digamma- function and Sa{B) is the differ- 
ence between the conductivity with and without mag- 
netic field. The characteristic magnetic fields B^p, and 
B± are given as 
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where the quantities T|| , t± refer to the longitudinal and 
transverse spin relaxation time with the preferred axis 
lying normal to the quantum well, and is the phase 
relaxation time for the holes. The diffusion coefficient 
D = P /2t, where r is the momentum relaxation time. 
Equation (H) resembles the expression for metallic films 
first reported by Hikami et al. |^ as well as that by 
Altschuler et al. |^ for diffusive spin-orbit effects in two- 
dimensional electron systems. However in our case the 
spin relaxation cannot be described by one parameter 
and the expression given by Eq. (||) does only converge 
into the Hikami expression if B± = 2_B|j which as we shall 
see is not the case. 

In Fig. we present the magnetoconductivity measure- 
ments at different temperatures. An example of a fit ob- 
tained with Eq. (^) is also shown for T — 360 mK. The 
fitting was done by the Levenberg-Marquardt method, 
implemented in C"*""*" by standard nonlinear least-squares 
routines. The parameters of the fitting procedure are: 
B^ = 2.6 Gs, B|| = 17.2 Gs, and Bj_ = 4.6 Gs. 

We have shown theoretically ||l^ that spin flip prob- 
abilities depend differently on the value of Fermi quasi- 
momentum for hole spin oriented along the grown axis 
and lying in the quantum well plane. For instance, for 
scattering from the short-range potential B\^ ^ kp and 
B± ^ kp. This leads at arbitrary small hole concentra- 
tions to the inequality -B|| > B± which is observed in the 
experiment. 
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FIG. 2. Temperature dependence of the parameter of 
a GaAs/GaAlAs p-type quantum well. Experimental results 
are shown by open dots. The solid line shows the best linear 
fit to the data points. 

Since B^p < Btr, the wave function phase breaks af- 
ter many collisions with impurities and one can apply 
the diffusion theory for experiment fitting. In magnetic 
fields B ~ Btr the wave function phase breaks after a 
few collisions. Weak localisation theory for this region 
of fields is derived in references [|l2|,^ for systems with 
weak spin-orbit interaction only. Below we consider the 
case of strong spin-orbit interaction in magnetic fields 

B ^ Btr- 

The Cooperon equations for particles with different 
absolute value of spin projection can be separated at 
B > Btr [0 • Thus the expression for 5a has three terms 
and each of them depends only on one characteristic mag- 
netic field, similar to Eq. (||). The Cooperon equations, 
which take into account strong spin-orbit interaction are 
complicated integral equations and have to be solved nu- 
merically. However it is clear that the absolute value of 
each term in the expression for 5a decreases in compar- 
ison with the diffusion approximation. Hence Eq. (j^) 
describes qualitatively the dependence 5a{B) even at 



B > Btr- The maxima and the subsequent decrease in 
magnetoconductivity seen in Fig. |l| is in fact caused by 
the first term in Eq. which dominates in these fields. 

Thus the magnetoconductivity dependence in small 
magnetic fields is approximately given by 
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At 



T = 360 mK this inequality is valid. The spin relaxation 
times, r|| and t±, are temperature independent because 
the studied system is degenerate and charge transport is 
realised by the carriers near the Fermi surface. 

The temperature dependence of B^ is shown in Fig. ||. 
One can see that it is roughly linear. A least square 
fit gives the approximation: B^{T) = 4.1 Gs K~^T -|- 
0.91 Gs. As an estimate we use the Nyquist noise formula 
for the electron phase breaking time as an approximation 
for 111: 
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where wp is the hole velocity at the Fermi surface. It 
is related to the mean free path by equality I = vpT- 
In this approximation i?N = 0.9 Gs K~^T, where an ef- 
fective hole mass ruh = 0.23 • toq was used (mo is the 
free electron mass). Hence the observed phase break- 
ing rate is approximately four times larger than what is 
expected from this simple Nyquist noise estimate. A pos- 
sible explanation for this discrepancy could be found in 
the non-parabolic dispersion relation which would tend 
to decrease vp- It is however difficult to make any fur- 
ther analyse due to the fact there has been no theoretical 
attempts to discuss the phase breaking rate in hole sys- 
tems. 

In conclusion, we have for the first time presented ex- 
perimental studies of the magnetoconductivity caused 
by weak localisation in GaAlAs/GaAs p-type quantum 
well system, where the spin-orbit coupling is strong. 
We observe that the magnetoconductance changes sign 
from negative to positive as the magnetic field is in- 
creased. This is due to the intermediate degree of heavy- 
hole/light-hole mixing in these samples. The phase re- 
laxation times were determined as a function of temper- 
ature. The spin relaxation rates are found to be in agree- 
ment with theory. The phase coherence relaxation rate 
was found to be significantly larger than the Nyquist be- 
haviour previously found to explain the values for elec- 
tron systems. 
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